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FOREWORD

The work described in this report was authorized under Project
1R52230IA081, Chemical AMant Dissemination (U). This work was started

in June 1966 and co~pleted in May 1967 for this reporting period.

ReproducLion of this document in whole or in part is prohibited
except with permission of the CO, Edgewood Arsenal, ATTN: SMUZA-RPR,
Edgqwood Arsenal, Maryland 21010; however, Defense Documentation Center
is authorized to reproduce this document for United States Government
purposes.

The information in this report has not been cleared for release
to tile general public,
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DIGEST

The program objectives are to develop, to design, and to fabricate
a c~mplvLe ayfitit fc~r thii ;;;a;;:mct of aerosols disperqe4 in rpnt

! chambers, The main activities reviewed are aerosol masa decay analysis,
.chamber mixing And material balance studies, electrostatic effects on
"chamber aerosols and their evaluation, bioeffectiveness of aerosols,
sampling and subsequent date reduction tethods required for the deter-
mination of aerosol parameters throuSh the mass decay procedure. The
design of an automated sequential filter sampling system is described as
woll as initial phases in the development of a beta absorption-impactor
instrument.

Experiments In the above area were conducted both in a large (213 m )
teat chamber with explosive dissemination of agent and simulant materials,
and in small laboratory chambers with pneumatic aerosol injection.

VIA
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AEROSOL DISSEMINATION ASSESSMEN'

I. INTRODUCi ION

Bapic program objectives which have been outlined in previous reports
(Ref. 1-7) are restated here for immediate reference,

The objectives of this program are to develop, desiga, arid fabricate
a ccmplet2 chamber aerosol assessment system. The function of this
system is to provide, by the selection and integration of appropriate
instrtiments and analytical methods, a detailed description of chamber
ae'20osols 1rom as near as possible to the instant of dissemination to time
per:iods up to 1 hojr. By continuous or incremental sampling, the state
oi the aerosol shuuld be definaý-'e over time intervals as small as 1 second.

Sin-. tW,. sy. em to bý use-ý a m. MS tool in the deveiopment
o' chemical devict• , it shoc:id bs adavabl, zo the assessment )f a broad
range of disseminators and agents and to mciut test chambers now used ýy,.
groups within Edgewt.,cL Arsenal and by contracror organizations. Further- a-7

more, extraneous .effi-.s attributable to chamber isomet ry, a0rosol riix-
ing, wall losses, electrostatic charge, and agglomeration should not
interfere with proper assessment of disseminator funntions.

For a broad capability in aerosol apsemsment, component instrumen-
tation should permit the following measutements: maas concentration of
active agent, concentration of degraded agent and inert materials,
descriptive particle-size parameters for active agents, and shape fa:tor
tor solid particles. In addition to a broad range oi particle size, from
less than lk to 100l , particle dimensions should be relatable to thoso
describing biological effectivoness of aerosol cloudn,

In addition to the requirement that 3yateM components should deefine
aerosol cloud properties described above, it is desirable that seor r

outputs from these instruments should be amenable to direct display and/
or data processiag and storage, The extent to which data are displayed
or processed and stored for later recall will depend upon vnich instrum~nts
or combinations thereof best meat thi system objectives, In certain
indtances, automation may be highly impractical on the basiw of the cost
of the process and the accuracy with which measurements can le made with
available equipment. Since the aerosol assessment system is to )e fur-
nishad as a tested, prototype assembly at the end of a 3-year period,
the contiact framework precludes extensive expleratio., of new or novel
instrume .tal concepts. Therefore, it hes been recorinended that com-
mercially available equipment or well-advdnced experimental dericeo be
used a. the basic bystem components and that these components oe modified
and calibrated in accordance with specific syetem needs.

7
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I I REVEý ]71 F SECO)ND YIEAR PXI RAMl

The ecbcn iquos a~id instnir unt..)s w ich -r(! to bt ilrlIudcd iu thO
charnbt.r assessmecnt sys Lvn were (tscuý,ted iLi 'ht, ý i.th 'eII-L r ly PLagross

Rtupirt (Rof. 6) . i'o recapitu laut, tht basic iero.9oI meaiu~rement!I concept

of the Collected Mass . 'ý1thMLC.3 I analYS is is tu heC UL;d to diSmrirnIS nateIIbetween activr, agent and back.ground C'omponents. Particle 1siý.ng io
Lbaaed upon mass decay curve rinversion, cascade impaction, light Scat-

L tering particle counting as a function of time, and microscupic Analynis
L o: 3amples on membranie filters and other plans bt-faces. The latter is

also employed to disting'iish bhape iactor, Chemical analytical methods
are to be. implemented by nutonaric analyols. A variety nf other measure-
ments ara to be made to support the test analysis including cnnmber
temperature, pressure, humidity, electrostatic effects, etc.

A number of activities have been pursued during the past year to
establish the validity of the selected assessment methods and to mod2.fy
the me the !s f or use in the sys tunri

Mass decay inversion analysig was pursued itnonstvelv since thiq3
techni~ue_ has been Selected as oneC of the main tools in rhe asscsbment
procedures (PRaf. 5-7). The da.ino an automated sequential, fIlter
-sampler ia4 completed dand a sampl~ing syst m for sequential. ýrogramme,.
collection w~s initiated, and ii discusa,~d ia the body of this recport.
The zssessment procedure it based upon stirred aedimentatiAnn. Mh rof ore

$theoretical a nd experimental work war performed to determine the effac-
tiveneas of chambar stirrinh by fans (Ref, 4,5). Analytical studies

'were performed oc, permit-scaling to large test chambers of thc results
e~f mixing experiments parformed in the'small laboratory c~amber (Ref. 7).

Aný%lyticsi and experimental work was in:ýtiated also on the effects
of electric~al charging of aerosol particles and their behavior in test

j chamberi. with electrically conductive and grounded walls (Ref. 7). This
study was aimed specifically at assessing the infl'ience rf particle

J qhar~e on the validity of the mass decay analysis for th~d evaluation of
-explosively generated aerosols. The initial phases of this wrrk ýarPl
directed to establish an analytical model for thi. combined de i! _)n ef-
fet.ts produiced by space charge induced fields and gravite, ioni'.. settling.
Experimental activities were concentrated on space charg mauremtflts

* j by means of a field mill and its correlation with the' mass (iecay of both
intentionally charged ond uncharged aerosols in a small ..it chamber.

* A review of the present state of knowledge with respect to the
deposition properties of aerosols in the retpiratory tract was p-rformed
and au extensive bibliography on the subject was assembled. This liter-
ature analysis pointed out various models which have been suggtvstod for
particulate deposition profile3 within the human body and the inhnrent

complexity of the biological structure. The pertinence of aerodynamic



(I~i Ji cisd int~ t~ mTs 0 ! iet vorious dr-pos it ioI mochmi ifl qm -Lj i

11i r, - r igi r lc(r of s~dimenta tion and impar L icn MCL hods was osi.b

Ii;: d, ip hr od i- cd by *tq2 - ýs s cs.;mc nt S y5 t em 'This I S i C 5 b ( us
L ,.L cri- iL A , I haIi nc A series qtl Lf-Z k'9Was 1)(,rformL (I i' ti:t ieý

t ~ ~ .. Z; i~L 4t LY V J:c t iiuc us we re cv irl L:'d 1:,

SeC\'rdl a. teMPLS to jhti in a maretial ba larnce. A W~toi cMeLI-od o

Rjnrid, reliable chemical analytical inethods are the. rornerstonel( of
the Olssessmoiit procodures. several areas reljtod tU BnalySib hla-VI e n
eamrincd., Preliminary work to apply flame pnotometry as an .inalytica!
proedure fir the detprreinatimr, of tot-il phosphorus is reported hercin.
A new' MethCd to replace tho oxidation step in the Current phosphorous
proovdure wsýs evaluated. The entire filter and deposit inn Maoteial
includiri carbona-eous matirial is digested in i perchioric Acid mixtare
to dssurc thot all the phOSPh~rus is aesayed . This riethod is also dis-
2uosed later. Finally, the Techilicon AutoAralyzer system was intcegra~ed

i:'t o theteio valuitior chair, and peociadires were, devc-lopc6 flur TheC
detection of varnous Jlieseminatiaa materials (Ref. 5).

Laboratory testing of caiididate devices led to work in two areas
~olatod to.aerosol generation. Prelliminary experiment4l work was per-

brndusing saccharin and subsequenitly DO? aerosols. Sever.~l generating
procedures and appcratus were evoluated to p,:oduce aerosoln in the size
rcgion oif interest. (a few microns) The conden~ation generator was re-
jec ted becauiie of an inpufficient rate of generation. A Lascada imnpacior-
spray nOýZle Lornbination was tested and found to produce reliable aerosols
but itS se-. Was dis continued becouse an excessive fraction of particles
was smaller than I micron. Finally DO? .ýerosolizatior. was accomplih~d
using ptessurized dissemination with Freon-12. These teists indicate' that
particle size propercies may be controlled by varying the rel~ative amounts
of DOP and Freon-12 (Ref. 5).

* The problem of unwanted counts regi~tered by the Royce U.iht Scat-
Ler~ng Particle Analyzer with latex calibration jpbereq was studied.
The evidence points to a large spurious population of pm'rticlcis smaller
chan' 0.1 micron which apparently is capeble of trig8.sring the circuitry
of the instrument. Selective flltret*'on appears to promiae a solution
to this problem (Ref. 5).

Finally, a new application of bets aibaorption Lcchnijuee for mess
inolysis is being inveatigated and pkicis~ to provide useful backup
information for the mass ineaourements made by filtration techniques,

It 9



r II
"I![. DESCR 110N OF ACT 1.' if5 S

A. AUTOMATED SEQUENTIAL FILIER SAMPLING

Tht, dcsi,,;r wab complctcr and assembly wzs initiated of an

Mainial samnling procedures, ajltihougf. ndequate for experimentai purpobes,
are not to be preferred for routine and repetitive measurements. Dif-
ficulties are especially appa-cnt d.aring the initial stages oL samroling

e.g., shortly after e>xplusivc iaerocol generation, when a reuxmirlm uf in-
formation 11.s to be gathered in a mr, imu: -f time.

1he sampling system ha-, been designed to operate as follows:

i( • rrtloaded filter holders in a special ctntainer will be

ititrvduccd thrugsh at, appropriate opening into a sealed "glove box" at-
tached to the side of the assessment chamber. This glove box will con-
tain a muLiple filler dampling head, mounted on a base plate riding on
slide tracks The loaded filter holdcrs w0.1l be insorted .nto the
sampling head. A door between the glove box ond the chanmber will be
closcd during the dissemination event to protect the sampler from shcck
waves, shrapnel, and other disturbances associaied with dissemination.I (2) Prior to dissemination, a manually operated svitth will
start the sampling pump and apply voltage to electronic circuitry as-
svciated wich the sampling operaticn (fan tarhometers, flowmeter circuitry,
etc.) .

(3) About 0.5 minu~es after time zero, an opertor will open the
door separiting the glove box from the chamber and slide ouc the sampling
ttay with the multiple fi.ter head. This action will trigger the atarting
of a souence timer which controls the operation of the solenoid valves,

I Each filter will operate in sequence and sampling will stop autumptirAlly
at the completion of the r,-n (about 30 minutes later).

(4) The dissemination event will initiate the oppration of a print
out timer-flcow counter to correlate individual filter ýampliu• with time
after aeroscl disscmnsnaon.

(5) The sampling tray will then I retracted manually into the
glove box, the filter holders removed from the sealed environment and
placed into a special container and removed from the botomn of the
glove box,

The sampling sequence will be programmed by meais of plug-ins inserted
into the front panul. This feature allows the choice of any number of
different sampling sequences such that the 12 filter samples with indi-
vidual dur:ition of 1/2 _inute can be distributed in any way over a totel
sampling period of up to 50 minutes. In addition the individual sampling
period can be entended to 1 minute and the total to 100 minutes.

10
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A rotaLing ctver with automatic indexing will be n front of
ni1e f ite: hcdU9 Lo protcot the non-operating filters from direct exposure
•o the icrosjo cloud. During the intermediate dead time (when no filter
is sampling) this prctective disc will be covering all filters. The

sequeoce choseu,

Previous experiment3 have established quantitatively the fol-
lowing sampling parameters!

(1) Total sampling period, after time zero, of approximately

30 minutes.

(2) Sampling intervals of 0.5 minutes.

(3) Minimaum desirable nwuber of sampling Intervals, ap-
pvoximately 12.

(4) Initiation of first snmpling interval, about I minute
after time zero tc allow for adequate chamber mixing.

(5) Initial sampling repetition rate, one every minute,
decreasing with time.

(6) Sample flow rate, approximately 1 to 2 efm for a 1-1/2 inch
diameter filter.

Several alternative valving machaisms for tht aut=,zted me-
quenti.l semplin4 system have been explored., The Gelmran sequential
sampliiig head (type No. 1) consists Of a circular arrAy of 12 needl[
values actuated by a "geneva" mechlanism. This device wai reject6i among
other reasons, because it presented ai excessive resistance to flow,
making it impossible to obtain the desired flow rate. A flow rat. of
only 0.74 cfm required a pressure Irop of 23 inches of 14 acroas the
sequential valve. No other adequate sequential valve mechanism seemed
to be available, and thus s restem of timer actuated solenoid vnlvea was
chosen. Flow measurements were performed on seve;:sl solenoid valves to
establish their f'ow-pressure drop characteris.ics, ýnd a valve vith a
5/16-inth orifice with a ipre~sure drop of 3.6 inches of Ag at 2 cfm was
chosen.

It ws decided to measure the total air volume sampled throug.
each filter or. _n autcmated I.-sia by ,,3ans of a turbine flowmetar and
to provide electromech ical counter-recorder 3tsplay of the total flow.
Sample concentraticn wi" 1 be normi'lzed on the basis of the ini '•rated
flow through each filter. Auromate.. zonstant flow rate by feedb.A con-
trol appears unnecessary and would add unwarranted complex!ty to the
sys tem.

11



Although oily one sstein of this type is being contemplated
at this point, any nmAber of them could b2 inc]uded for simuitancous
sampling at various sites within the chamber. The entire sampling
system describes above '.s designed for maxinum reliability, sturdiness
aiid siimplicity of oreration. makina maxim=m use of coraierciallv avail-J able devices, where1ver poscible,

ATPR-" AIA 'CE "XI" 2EN'S

A series of tests was performed in the large aerosol test chami-
bar in which an attempt was made to recover or account for all of the
bomb fill material by sampling the chamber floor, walls and fans as well
as thm aorosol.

The fill materiol used fur most of these testq was a I percent
water solvtior of fluorescent uranine dye. At first the floor was
sampled by coverine it with trayP which were ceparately washed for re-
covery of the dye. After the aerosol was sampled, the sum of the floor
and aerosol recoveries was less that 100 percent and was variable from
test to test. Table I sanmarizes the results of these tests.

Another procedure wap tried which avoided the tedious work of
waihing about 300 trays.

(1) A bo=6 was Zired and the aerosol sampled.

(2) The chamber floor wvs flooded with several hundred Sallons
)f water. After thoroigh mixing to dissolve the settled dye the solution
was RoMplsid.

(3) A spray was used to wash the fans with an additional meas-
ured amount of water which was mixed into the water already on the floor.
Another sample was taken.

(4) The overhead rotary nozzle was turned on to wash the
ceiling and %tolls of the chamber into the previous washings and a third
s*.Lple was taken.

(5) A carefully measured amount of the bomb till solution was
added to the washings which were mixed and sampled again to provide an
intirnat standard for the rest of the analyass.

(6) The aerosol was again sampled.

12
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Up to this point Lhe chamber was not vented, and all the dye
in the bob plus the known added amount was assumed to be in the water
accumulated on the floor except for a very small amount still suspended
in the air.

Table 2 gives the results of three tests using this sequential

waehine tochninue. It appeared that for the hich mass ratio 31 tvye bomb
aubstantially all the dye was recovered. With the low mass ratio No. 23
sphere, less than 40 percent of the fill was accounted for. It was con-
clu'ed that the dye was decomposied or damaged by the dissemination in
this bomb.

A 20 percent solution of phosphoric acid in water was dis-
seminated in tests 457 and 459. Samples were analyzed on the Technicon
for total phosphorus. A~air, the total recovery was low. In this case
we suspected that the acid reacted with the steel floor of the chamber
to forn insoluble compounds which adhered to the floor.

Prior to these teats and on another program a few tests were
run with Bit and VX filled bcmbs wherein after the aerosol was sampled
and v*,tt* from the ehhamer only the floor was washed with about 10 Sal-
lons of iesopropanol. The vashing solution wee samplad and analyzed in
the sam umer sa the filters, Total recoverues ware significantly
lower than 100 per'ent, suggasting a sLmnificant wall loss. The later
tests with uranine solution have indicated that a significant and vari-
able taction of the fill matrial ends up on the walls and fans.

The sequential washing of the floor, fans, and walls followed
by samyling of the air to necessary for a good material balance. This
procedure La workable but presents the following probleru.

(1) A dense and lethal aerosol is encountered in carrying out
thia ptocedure manually. To avoid this, separate, remotely controlled
vahj4iq facilities =mst be provided for floor and fans.

(2) Large amounts of solvent are needed. A minimum of 100
gallons per test is estimated for the large chamber. It is desirable
that this solvent be cheap and not form an explosive mixture with the
chamber air, and must be compatible with the chemical analysis. The
conventional analytical solvent, isopropanol, is unsatisfactory because
of expense and for reasons of safety.

Water and aqueous solutions of hexylene glycol and bleach
are being considered as inexpensive and safe substitutes for the alcohol.
Expenrmnts were conducted to evaluate the solubility of VX in solutions
of various strengths and the ability of the analytical methods to recover
VX in each of the solutions. The analytical methods of particular interest

14
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;c re the S, I cImainnn me thod tor ac.Live a oucit and the Icrr ic pcrchlorn L
hydroL, n peroxide method for total phosphorous . Results arc shown in
Figure 1. VX is stable in a sAolution of 50 perccnt glycol even iti stnred
,c r ,i %,'cccnd, ond woter ,1lonc is an adequate 0olv1nt i1 analyscs can be
pcrL' med irnmmediAtely.

\VX w•s dissolvwd in a hypochlorite decontaminating solution
,nd was analyzed by the total phosphorous method. One hundred percent

41-f rho,' VW i.-4 9rAemipered, indcctino that thc 'Idt-c-" ccauld bc U~cd if
only phosphorus balancec was required.

-C FERCHLORIC ACID OXIDATIltO OF FILTERS FOR TOTAL PWOSPHORUS

One possible explanation for the difficulty in achieving a

material balance in chamber test# is poor extraction efficiencies because

of tenacious retention of agent and agent decomposition products on, the
carbonaceous decay products collected on filters during samplirn. Since
in the normal analytical procedure only the extract is analyzed, the
retained material would not be accounted for. A new method of oxidation
was suggested by Mr. A. Koblin of Edgewood Arsenal in which the entire
filter is digested in a perchloric acid mixture. The carbon is oxidized,
ind thus releases the suspected absorbed materials. The laboratory

. procadure for the n.z)to4 we- i•sttb]iaped for Bie and then at the suggest ion
of Wr, Kobltn for trioctylphoephaet (TOP). First determination# were
aide on solutions of Bit *m -Ioter with TOP with excellent results in
both cases as shown in FMut 2. T. materials were then applied to clean
filters and cArbon coated filters and ther Ability to recover the material
, at valuated. Agari results. were excell'ant with averale Us recoveries
of 9* porcent in 12 samlee with ant ns deviation of I percent and a•n
average TOP recovery of 97 percent from 7 samples with an wru deviation
of I percent.

Following the success of this method for Bis aind for trioctyl-
phosphate (TOP) its application was attempted on VX. The following kinds
of samples were taken:

(1) VX, weighed into a test tube,

(2) VX, weighed onto a filter paper, and

(3) VX, weighed onto a carbon costed filter paper.

In all cases, the sample was covered with the digestion mixture
ind oxidized. Six aliquots of each were taken, ranging in size from 25X
to 1.00 ml and the color reaction completed. The risults were calculated
from the best values of the absorbance, that is, when the value was be-
tween 0.050 and 0.900. Some of the results are shown in Table 3. There
is much to wide a range of recoveries for the method to be useful to us,
unless the performance can be improved.

16
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I
IABLE 3

RECOVERY OF VX

Somple VX Tnken VX FoU42 Rec•very I
In test tube 11.3 13.3 118

In test tube 23.9 36.9 154

In test tube # 49.8 F7,5 176

In test tube 9.3 4.7 51

ILn t est tube 48.1 29.1 60

In toes- rube 8.4 3.5 42

Ir .es t tube 21.3 15.9 75

In teat Lube 47.5 30.4 64

On filter paper 13.5 16.8 124

On filter paper 23.5 44.3 173

On filter paper 45.8 71.8 156

On carbon coated filter paper 10.5 9.7 84

On carbon coated filter paper 24.5 24.2 99

On carbon costed filter paper 50.8 62.7 123

19



Sincc th(, method works so %ell for Bij and for TOP thc' dlf-
fiCiUlty has to be in the oxidation step. Communication with rdgi-wo-t
Aricti•l revcaled similar difficultico in applying the perchloric acid
oxid.tion to VX. A ltcraLure search of the procedvre was made which
included a saarch of the history of the phouphomoiybdate colcr reac-tin
and tht mittriplE which interfer. Several possible interferenccs were
uncovered, however, it was concluded thic the problem is not one which
call or solved simply. Lhea ua-ly~icdl. chemLaLLy abpec:Ls if£ Litit PLvdLWU-
permit application of methods but do not allow for the development of

new snelytical methods. It 1v suggested that the nton-ruproduc~bility
of the perchloric acid oxidation of VX be investigated in the Zdgn.wood
Arsenal laboratories. It is & desireble technique for Absessment which
we would be pleased to apply if it is worked out ir. rime.

D, AEROSOL MAMI EVAI.UATIO BY BETA ABSORFTION

Experimnuts were reported in the First Annual Report (Ref. 4)
on t)'c a'plicntiort of beta absorption mearurements for zhe evaluation of
aeroso]. mass collec-ion on filter aubstrates. These tesLs appeared t.,

be discouraging in termo of .he sensitivity required for typical sampling
\'olumes.

The techftiquc was subsequently reevaluated in the direcp1.on of
_'n; a Im, Absorption collection substrate and high collection concon-.

"IYnitial, eperiiuental dmata were taken to determine the feasibility
1o usiri Ata radiatit-% absorption through an aerosol deposit collectcd
by impaction n a vej thin %ylar substrate, The thin mylar base (1/4

.mil 'hick) wv, used to minimize the absorption due to the subsprat 4 and
improve the sensitivity of this method. Usina a 1 inch diameter C 4 beta
source snd collecting treated saccharin aerosol on mylar discs mounted
on the impaction plates of a GCA cascade impactor, it was found that this
method showed an improvement over the previously rcported experiment.
The Limrovement i saerwitivity still proided only marginal feasibility,
but the results, pointed towards modification* in source-detector geometry

which would provide the desired sensitivity for the measukremenL of Mess
of deposited aerosol. The essential modification appeared to be a signi-4-
icart decrease of the area of the source in order to decrease the imount
of particulate deposition to a practical level. A 2 microcurie C source
with an active diameter of loes then 1/4 inch was acquired.

It was found necessary to include some collimation of the
r diation into the Geiger detectoi tube to prevent errors due to electron
scattering. The collimator consisted of a short cylinder (0.8 cm long)
with an inner diameter of about 0.55 cm.
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The calibration curve obrtined with the above arrangement,
ustn my1lr films, is ihown on the accompanying graph (Fig.re 3). The
equctiOn Of this curve is TR - 100 cxp (-0.215b), where Tr is the rel-
Arivy tramnnmission in percent, and 5 is the area density )t the absorber
.n mg/cm 2 . Unattenuated counting rates here about 43,UUU counts per

miUt? w ich for a I minute period corresponds to a total error of
2 -.'3,000 - 414 wliilch correprond; to --. ....... trar_!m.6'mnn of ob.,Jt
99 percent, thus a 2 percent reduction of. transmission appears to be
an aproaximate practiclI limit oý detection. Transmission of 48 percent
correspcnds to an area di-nsity of about 0.1 mig/cm 2 which LA •urn c.r-
responds to 20 micrograms of materials deposited on a 0.2 cmi arýa (active
source area). This sensitivity would be somewhat degraded by the preoence
of the mylar substrate or collection surface. For a 6.3 micron (1/4 mil)
mylar film it is estimated that thz limit of detectability would be be-
tween 30 and 40 micrograms on a 0.5 cm diameter area. This result seeimi
quite '•¢CouragiLg. The next step should be Lo collect aerosol on Idylar
film and corroborate the bbove conclusions.

Tni sensitivity obtained w~th the above %oorLt-y correspords
of ibout 1.0 t• 1,5 nAcrcgrams/litcr (flow rare 30 1/m for -

I minute sampling time) compored to the fig.ure o0 167 mi¢ ograma pec
1ýtct' ý,itcd enrlier (Ref. 4), S'ncc the eaitimaoed minimum desiralel I,
;,Lnsitivity wa, about 5 micrograms/littr, this technique Laesms to ofra/

)verJ'.• ind will be pursued.

1F, E [.1•C:'I• CS 'A'J'WIS

p. ox r i4 ýn ut a I.

The oxpcrLnts initinted during the ieventh quarter on
SINcC chanrc deLly nmesurements in the small trest chamber were contlnlued
,i Lh tlc, mn•,o Qirphasia on correlating these determintions '4ith qvresol
: cls. dccay rcasuremceits. The prime objectivc of these tests wA i to
cStibli-!• the influence of olectric particle charges on the depletion
rote of a ccnftned acrool clouud and thus to determine Lho validity of
the trnss dccnv method for .ho issessment of aerosols. Egxprtictic at

sdgqweod Avcsnsl anC CCA Curpozotion suggests that anomalout behavior
is not et~countc.rcd when workiing with explosively disseminatod liquidu
but. is tiich more likely for the case of pneumatically dissemin~ted pre-
-;tied s9Aids. Consazqicntli, t01 latter was selected for study,

The first set of experimtnti consisted of the pulsed in-
jection ?f 0.25 gt-m samples of saccharin into a small cylindrical test
chamber (50 cm diarmeter x 60.8 cm height, of galvanied steel). 1he
aerosols 'as injected through a corona charging section (Figure 4).
Coniurren measurement of spaci, charge with the field mill, and filter
samples for mass decay, were taken over a period of up to 10 minuteý
after the aerosol injection time.
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Figure 3. Beta absorption aIeibration gauSe.

22



I

046 61. GOAI

HYPODERMIC NEEDLE

PLASTIC

481
- - -

- --. 2 _

GROUND HIGH VOLTAQE1

ELE CTRODE[S ELECTRODES

AEROSOL- INLET

Figure 4. Needle point charger.
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The results are shcwn in Figures 5 and 6. The net space
charge measurement was made with a field mill located on the axis and
at the top of t~he chamber. For thiE geometry, the net space charge
density (.)is given by

0

Co (mks)

Where E is the field strength measured by the field mill, i if the
length fthe chamber an sthe permittivity of free space, The--astv-conconcrations were dotermined by filter samples-(. ie ote
collacted at 1 mi.nute intervals. In figures 5 and 6,.the circled znumbers

j are the run nu=%ors and the numbers beside the circles are the voltagma
applied to the high voltsge electrode of the chargin section. The sign
of P0is the samw as the sign of the high volt~age electrodt.

It can be seen in both Figures 5 and 6 that the data are
split int~o two groups. Since there seemed to be ne obviuux explanation
for this effect, the evpeprimernt was rerun to determine If the effect was
real or coincidet-tal. The results of this experiment cre slicin in Figu~re
7. In this case no significant correlation between mass decay character-
_.U.Lica aa chaz'gIng was ovbearved.: $*ao. the ~O',V4 set of ra-I~ts were,

lost to the Ch*Mbaer floot ~ il n tr czprson of t reesuis
for..caski wheres there is dblierwte char&4n of the aerosol.'withlcases

re! thter isro MU1teta9~.~ gveitity 15 the main qontz t.ý
but-vt to the los. -prftoe*s, tht bulk -of tbO lost aerosol-ahcduld be folund
off te i~#.,U*tt~aieaeipra t i a ahlss process, th'i
houId be ro04flectedtin high wall -losses.

'In order to measure the floor and val ~dapositioai of Sac-I-chavin, 1/32 inch thick oluminum plates were placed on t~ie floov end at-
tathad 'to the %oall if t~he chamber. ,The opiratlIng geometry of the plats
in the chamt-er is ckpicttd in figure S.

might be ambiguous *3 t~o where the corona discharge takes place. In

CZ401 to avoid this difficu.lty a con..entric charger as shown iii Figure:9
V.1wae conatructedh In addition it was fountd prieferable to monitor* the

4 ~charling cu~rrent instead of the voltage.
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Figure 5. hat space charge decay with time.
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The procedure for these deposition tests was as follown.
About 0.25 gramns of saccharin were injected into the chamber through thr

Snt~rie ehrcinr section. For five runs the charger was not or.,r,iLcd,
while for five other runs the center electrode was positively hi,-•-d
such that a corona current of 10 microamps was measured flowing to ground.
After injection, the chargiag boction was turned off (for the fi,• ven
where applicable) and the saccharin was allowed to settle for 10 minuets
with the mixing fan running. At this point, the deposition plates wcre
removed and the %es on the wall plates and the mass on the floor plates
were measured. The results of these experiments are shown in Table 4.

SL.Neglecting the eighth run, which shows a somewhat anom-

alous behavior, the following conclusions are indicated. Wall accumu-
lations are roughly twice as great when the particles are artifically
(eorona) charged, indicating pronounced electrostatic depositinn. Floor
mass densities are only slightly affected by artificial charging.

The effect of particle charge on a volume sampling assess-
ment sy]tem is given b) total mass loss rather than mass dcnsity depo-
siti*n. Thus, averaging the first fivw and the last four (omitting the
Seilth run) rune and multiplying by the appropriate floor, ceilin".and
aili aruase, one 6btaina the results shown in Table 5. The objective of
the -cp-eriment vas to look~ at the wall-and ficor depositions and to try
to obaeerve a difference between the deliberately charged and the naturally
chargad cases. Unfortunately the o-toud c6n•centVation, the amount of
matrtiel on-the fans, and the iwunvt of residue in the disseminatoe and
Char•ing section were not evaluated. This was ragretable since the a-

!•a ,a=unto ahoon in Table 5 do" mat add up to the 230 mg original sample weight'.

STests should be coducted in whieh all the particles are completely
• accounted for.

•Nonttheles, a very significant difference in depositionS......pattern was observed for tla case of deliberate charging. It is clear
,..• that for'the ease of rneumaticslly disseminated promised powder& the

electrostatic forces arbe t a1id a definite 2o01 in removing partplees
from the test volumc. F'urther, these results are averaged over the time
necessary to remove most of the particles from the vola. At early timas,
the effects of electrostatic forces would be even more pronounced.

•"- •No electrostatic moeeu:ements have yet b an made in the

large test chamber. Since 6he dimensionless ra tio r, q L/E mg ai, for
constant charge density, five times a' large for the large Fank as for
the small one, the indicationA atre that electrostatic forces will play
some role and may even dominate th:- assessment in the large tank. The
significance of this paraeter is explt-tned below in the analytic treatment.
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TABLE 5

K! .•MASS DEPOSITED ON FLOOR AND WJALLS FOR TWO CHARGING CONDITIONS.

Total Mass Deposited Total Mass Deposirod
oroa).on Wall on Floor

IntenLiOiialy (c 57 mg 63 Mg
Charged Particles

'Na,.'rally" (no corona) 26 mg 63 mg
Charged Particles

Tha above considerations do include a number of tenuous
agskm*iýIons- Thus, it would be necessary to perform electrostatic

" ..seeas entes in tha large chamber to test these considerations directly.
A conclusion drawn from these test# is that for the case of pnet=W.cally
"di.se•int4d.,d ry powders a serious error could be introduced if only
gravitational settling is assumed for mass concentration decay without
a correction procedure for loss due to alectrostatic effects on the wall,

"A ciceilinij and floor of thoe hamber.
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Futre work in this area iý expec'.ed to clarify thie

problac, and tests alonig these lines are being plann-d for the large

(213 mr) chainber.

2. Anltcsi

A th.orctical trcar1a.,nt of the °ttling of pardticli by
combined gravitationai-electroatatic has been made.

a. Monoeolar Charging

Tie probl-.m being considered here i1 Ohe followini.

For the case wheie an .'eroanl clvctd of particulate
matter is introduced into a contAiner havinr an electricaIlly conductItxg
inuter 6urf-ice, it is desired to cbtain th, 'aL by which particlet are
removed from the volume and deposited ou the turfoce, It will be assumed
that the interior of the container is divided into two regions:

(1) A thin boundary layer in whi:h the ges in the
cnnLaiaser •is assumetd to be motiolelsl

(2) A region oucside the boundary layer in which
th6 gas is stirred in such a way as to creaLe a homogeneous distribution
of particulate .mster.

It may bit remarkad at this point that this division
may, as far as practice is concerned, be upcen to some quesLion. Beside
quescions eoncerning the realizebili.y of homogeneity in the interior
region, there is also a problem concerning the relative thicknesa of
the boundary laytr and A "persist•ne le•n4th" of a particle once met into
motion. In order that thui division be vAlid, the boundary layer must
be many times the dietritese over which particles are brought to a constant
velocity. For prisent purposes, these questions will not be examined
further, and this division will be made.

Consider first the arrengsement shown In Figure 10, I
a cylindrical container and particles of a single isie and charge. The
more cmpli•ated c4sea of partioles charged both positively and negatively
and of varying magnitude of chArse and'diaa.ter will be deferred to a
later report. The :"oll-ritng rotation suppletunta the notation giveh in
Fijurc 10:

R Cylinder radius
1. Cylinder height
A Cylinder .id area
' Cylinder side ýtea
N - lutal JntAntaneoug nmber of undeposited, charged

parti%.les in container
n initantaneous number density of undeposited charged

particles ir contsaine-
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n initial number dcnsity of charged particles
q - charge per pmrtic!e (asbumed ccnstant)
a - particle diameter
m - P.rticle ruts
g8 - gravitational acceleration
,, - coefficient of viscohity
v - drift vclccity due to gravity
vs - drift velocity due to electric field
E f - average value of electric field at the container wall-. - permittivity of free space (10" 9 /361)

~ .4

S.... O~l01 Us? 1011

A. 27rRLL R riL

V i- . -,

i*N

A 7rFt3

Figure 10. Definition of symbols.
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Since che pirticles are considered to be ciharged, in
2ddirion to a dcw[iward gravilational drift over the lower area A1 , the
porticles are acted on by an electri: field, the source of wbich ia the
net chargE on the particles themselves.

The balance equation for aepositiort wi.1l be

- A L n A An v (A+
dr I. dt 1 1 2) fl 1

The drift velocities are obtained by astuming thAt
S:cke's laý; hnýld in tht boundary layer,

61%n vf =qE 3 -

E, the value of the electric field at the surface of
the container will for a cylinder, vary cver the surface. For our pur-

Menta:t i ppl/©at;Lon of 04"811 low. .• •,•

7% R RL (27t R2-i- 11 RL) E e ;) •"•'•

an rpacn A A y h~. quvaecui ~ 4 mao~2~

The soluti~onof gquation (5) si~bjact to the initital

conditi4,ns J1 ~ 1
I.-

L n

e p
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For q Cone obtains I
n ni exp MR (7)

4 1i

j Cthu, usual gravitational settling law.

E/ •'•For

F7 rollnfo L

One obtains

nn

n i

flu =- (9)

n qi• 1~+ 6 , t

t .i... -, :o"OsI L Anciaet# •n 6ve s 'I$* tkaoM-b• nstaio. 'The:.
re~latjiv4 inf I¶UVPI C-0 "i atriic hltd, itt OzVity-s ea.r y tmet La hi

r.At~t~f? th di~i~i~,i atioý n¶1 qi &rto as can be seen.Airectly

.c:,or.ib•.•, to i,' not c•i* in- the tank. Unchr:ged Particles'are rmovid
0 a vliational' settling 'and haned alWays uattle rccrding toa

""low a thw tntgiven by Equation (7). If the inikial particj.o density
,.. nieuti-l prticles is n2 , than the total number densities at time t

-~ --
I2

n ; jý +,n "2 exp 61( naLV

b. Numerical Example

Having derived equations for the sattling rate of
particles under cobined gravitational-electrostatic forces, these
equAtions will now be applied to the settling occuring in two of the
exptrimental systems used at GCA, a small cylindrical metal tank and a
much larger cylindrical tank, also with an electrically conducting
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interior. The examples trfated are for an aerosol consisting of sac-
Tharin particles, assumed to have a single size and mass. The pertinent
numbers are:

Small tank - diameter 50 ems; height 60 c€a
Large tank - diameter 6.1 meters; height 7.3 meters

Pr:iclo dimcter - 5 nmcrons l
Particle donsity - 1 B/cm3

Total mess injected into small t-nk 0a25&

Total nass injected into large tank 200O
3 -Acceleration of gravity ' 10 eS g 10 mks

Single (spherical) particle mass : 6.25 x 10 .

Coefficient of viscosity of air 1.8 x 10"4 egs

(1) Exponential Time Constants

-27 minutes (small %am)

- 6 hours (large tank)

(2) Dimensionless Ratio nlq 21L/a0=6

This ratio inmolves electrostatic quantities
und mks units will bW used when convetoent.

Total ,.#X~ti Ie Toat% mall •
Total pa•eticle density w WeLls l Tol l mace

volume UaWparticle X Volume

= 3.42 x 10 /u3 for the small tank

M 1,5 x 1010/m3 for the large tank

If it is assumed t•fat n I/n 1 4+ 2  1/5, then

9 3
n- 6.84 X 10 /m for the suell tank

n - 3.0 x 10 9 /M3 for the large tank
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The average charge per particle, q, may be
found approximately by a crude application of Gauss' law. Thus, if it
is assumed that the field is constant over the whole interior surface of
the tank, Causs' law gives

0
n RL

S -Typical valuesa for 4 , found by use of a field mill in the emall tanik, are
-of th* order of 10 volta/meter, when injected particles are charged by
corons and of the order of 1/10 this value wnwn naturally charged. Usin~g
the lvigher (corona charged) value, one obLaina 1.4lS5 x 10-10 coulcmb
for the small tank and-the large tank (since the charge depends on the
charging process and not the tank), Using all of theme values one obtains

n 21
U:.~~~ mgL..... 15.6 for the small tank

0

*83 for the larip. tank

7ZThuse 10T@ these Co"Ititons fraction n~ Al -+I%
-of the LOaI fvý.1.sto4 pirt2LeOs is izitially more intlA4encef$ by Ilecltri-
natW4 than~ ky *rwjtVe.~rce LItastoly of coause, with panaa@,a

of Iqatin 6) wer~ o ae~pa~ial1w GM. -saibut for
Inh 'tgo iV-,-<< I C4' &&ss1eaa t fteaaikpqmntC MO be difftilt.1 0o

C. biPOla Csr ; QIing

In thU ausction the probles V u' qe444" to include
chartes$ of both a igna. TMe time nistories of noi ct~argead piatidles are
doec~jbod by tvo coupled', nonltnen, sioultnazutu dif eential'"usetions

oLtaized. ond this ieodop to a deocouplin# of the equations-, the -resultin'g
sque t;ionj con5'nining cmly a single Otpo4rdt vartabl-a are still nnn-
lin~ear, and cannot b4 solved ý-w terta of elementary futictitns. Purthew
effort is required to eithar solve thest equations'nimeri.cally, find 2p-
ptt~avmthd fs~uion, or solve slaqilor equations which may be
used to place Nuppe-.. and lower bounds on settling rates. The following
parao'te~rs are added to the pricar notation liat.

n numinber of density of neutral particles
n number of density of positivoly charged pirticlis

II- ninbetr f density of negatively charged particles

For further details of the prables being treatod, refer to the tceatvant
of monopolar 0- 4.j.g
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The equitiona for deposition for the three types of
particles ar'e

dn
A1L d- AI n 1o vs (10)

dn (2A + A ) n v (11)
IL dt 1 + 1 2

dn r 0  if v > v
AL- "1A L (. -(v if v < v(12

For the case v N v , the solution of Equation (12) is n " constant, anrd
the solution f~r n .reverts back to one similar to that lound for the
case of settling it the presence of particles of one sign,

In general, metting A1 - f R , A2 - 27 RL, using
Stokes's law,

a 
Uf

and Gpuauss , .

one obtains

dt ir(1)

dt + 6iAg

dnL -q 2 (n+ -n.) RL

Ldt -- n÷ n fo n >o ..

La L t 0, (R+L) 6v7r1 forvf

Let M RtL t67%a L
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and

no(O) - n

n (0 - n.

n (0) n

n. al + n2 + n3

X *no/ni

"Y n+/n

z n./n

x -n2/n$

co 2±

nLj qIL

-o ms a0

ni q L I

0

n -x (lob)

{-Y -aY (Y-Z) (1b)

-- 0 YZ (12b)
d• -Z + OZ (Y-Z) 5 (Y-Z) < I

The equations are now in fully non-dimensionalized form, and the initial
conditions are X a X , Y " Yof Z * Z 0 0.
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Multiply Equation (lib) by 13/Y, Equation (12b) by a/Z and add

6 dY a dZ
Y T + d-T -2 (13)

Y' Z- C exp (-2T) (14)

CtI

Using the initial conditions, C Y Z , so that EquatLon (14) supplies
a relationship between Y and Z. Usingothis relationehip uncouples the
Y and Z equations.

Y -Y -~ kY + Y~Z Y exp (-2Tr/a) (15)d0 0

dZ 0 o(Y-Z) >
-- - -(16) - 2 + Z/ l/ exp (-21/) P(Y-z) < 1

Rigorous solutions to these equationa have not been attempthid because K1
of the extent of the effoyrt rwquired. Numerical methods nst be resorted
to and/or their proparti•s may be investigated by soluttons of siaple#,
approximate equa tior1 .

F. ?1.M P1IOTMTY STUDIZI

The flame photcr itric method for the analysis of phosphorum wase
of particular interest because Lf the si;nlicity of use, ease of sple
preparation, high sensitivity, and the possibility of coupling the flam
photometer directly to the Technicon for automaic analysih of the test
solutions. A preliminary literature search indicated that the £lm.
emission from phosphorus compaunds should not be a functioir of molecular
structure (Ref. 7). A preliminary expertmental program was onrrled out
to examine the feasibility of the naehoC.

The spectra of flames containing eight differenL organophosphorus

compounds were investigated with a Hilgar Watts quartz prism spectrograph
(Ref. 7). The band heids were the sawe as those given by Parse and
Gaydon (Ref. 8) for PO indicatinq that excited PO vat for•ed by burning
all the organophosphorous compounds invastiat•td. One of the strongest
bands was in the ultraviolet at 335 nm. The spectra appeared to be
structure dependent, but the qualitatcre nature of the experi-n•t precluded
a definitive conclusion at this point. Several experimentp utilizing an
alcholol burner containing tributyl butyl phosphonatt with a monochromator-
photomultiplier arrangement indicated that the relative intensity at 335
nm was proportional to the concentration.
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Ti; IYV -,pproach for the aric;1Ys is of phosphorus was discon.Lhe basis' ui the work of Brody and Chaney which indicated that
hPLU vlg ;1,1, emission (526 nm) 'ed to higher sensitivity (Ref . 9).

Thc simple wick type alcohol burner was not useful for quanti-

8 tu I es at Loyw concentrations so a comm~ercial Jarre! Ash burner
was purchased. The Jarrel-Ash "Hetco" burner is an external mix Lotr&U

l'ncity of the oxidizing gas (air) passing the capillary orifice produces

a vacuum In the capillary. The vacuum is used to dra'q a sample up the
':apill~ary aspirator and into the Rheer stream of oxidizing agen~t. The~
detector consists of 3 multiplier phototube (S1i reap nee) and *,,, inter-
ference filter with a peak traniimission at 5 260X (IlO bandwidth at half

- - maximum). A potential of 950 volta was appli d to tho PM and the signal
was amplified with a Hewlett Packard Model 415 ttirovolt meter.

TI purpose of thic investigation was to detertainv- the lower
limit of decectic'n of phsphorvz it, organophosphorous ecompounids. Methanol
and isopropanol, were usod as -olvents because of their low background
emission at. 526OX. Whewn the flow r8L46 of hydrogcri and air wero adjusted
to give the maximum signal in either -oovent., the co'lihrliton ourves were
identi , IAI The -lowar ltmit,ýLf- j~ .*, .,.i of, (30 ;ore. mO solve'nt)
(Figure 11) w~as,,,crwased., 0.3~ pp,.. by,-uc)ýOg oug- he *01'ýnt emiscion
and iricro&4(.4 tche asuprt'r ae thA solvent.' .U1'iýis contiderably
better ha the rs to -ch czar be tbaie ~h emiision spectroscopy
(50-400 *ppm) otd, o'mparable to conveoticvalt fl" ý?'Lotoinetry r, Sults of
1 p'pm o If pW'(phorus (inorgar~iiA'-

The lower limit of detection muight be Inc"'_'assd further by
us~ri~a concave mirror behind the nlame with its center of.curvature in
th b 1am. anid by placing a ling''system between the filter and the PM4tube' to ir.'rease cbv-, colit.ýtion efficiency.

Thq- emission spectrroN 'Dt Bis in a hydrogen: rich Liame was
-;'#ken with a Perkin-Elmer Model 99G scanning spectroueter (0.5 Mm slits) .
The detttctor was an CMI 955EQ photom~tiplior. The s;,ctrum (Figure 12)
uncorrected f~'r spartrometer respcs ie, shows that ths band spectra of
3ie is nut well relolved., This may be attributed to the presence of the
solvent and the - ise p-.oblem.

* Ttis vis$býlc flame nhotometrrc method for phosphorus does not
app~edr to be sattasfactory ')r total phosphorus analysis because the 526rwitemiss ion is a fury:c'~on of moleculnr structure. This was first noticed
s~ter the UV rpoctrs tae.in witn the HiJ~et Watts Spectrograph were care-
iul1ly ana lyed. At siail~r phosphr~rua conccntrations and approximacely
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the same conditions, the darkening of the film varied with diffcrent
organophos horous compounds. Although these data are only qualitative,
they indicate chat the amount of PO produced is influencetO hy btructure.
Brody and Chancy found a variation of emission at 526 in for two pneai-
cides at different structure. At 526 nm the 2mission is due to che
following prcces: (Rof, 10).

H * PC + M No HP* + M

tiP0 MP HPG + hv

Sirce the arount of PO formed vori.f with structure, the emission in a
hydrogen rich fiame at 526 rn 'gould also vary. This method, although
very sensitive anid convenient will not be accepted for tho asaesmment
system because of the dependence on structure.

G. MASS DECAY IN'VERS ION ANALYS IS

Tne a)prcJi-,1ws that have been ucad to deduce the initial
particle .iiz• distlibLution from mcesurcmcnt of mass decay (gri-v'tationnl
set.L1ng) in a stirrod chambei cpn generally b(, gzquped into two cla6;cs.

The lirst ;,iass is rmn empiricsl approach an. is charecttrIred
by tlie fact LhaL C!, forn of the art'icle ai?.e distribution it assumed
o prior; ,od thic: vtsLcd for goodneg# ot fit to the observed mass decay

r¶> rntcn; mctho uO g o Muitab1e mirimization critcrpiol. Thii type cf
sloLon provtdcs ý iojitititative retimate of the gros'i piirticle mtatiatic's

plttA ýý qtl1liL,-* 110 ' Iccure of the initial maim distribution which char-
ntcrlvcs thoe observerd deccv mvnturements,

ill? cmpiri-•oi Ipproach lacks tho. property of untque:Lj; !...,
I disLritutionv may giv, app'oximatel.y equal good fits to the

observcd dat.a,, Hence, the conclusion cannot be drawLa from theas, raeults
that the assumed distribution which yields the bgt.t fit is thc general
moluticn. Expetierce has shown, nowexor, that assimed mass distributiona
which fit equally well, .n general, will exhibit oimilar gross features
in the solution even though derived from differing mathematical forms.
Thus, the empirical approach provides a method for determining these
features and the choice of the saomumed distribution becomeb a matter of
convenisnce,

A iecond approa:h to the analysis of mass decay data does not
involve an assumption on the form of the initial particle diatr~but "n
but attempts to derive ic directly by ;olu;ion of the integral equation
describing the mass decay process, The solution is developed nut.erically
by util~xing an appropriate quadrature formula to obtain a set of
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Milmultaneous linear equations which then way be solvpd by standard matrix
inversion techniques. The difficul:y with this app.-ach is that the
matrix to be inverted is gettercIly near singular, anti even small errors
in the date will produce unreliable results. To overcome this difficulty,
two mcdifications Lo the basic aFpioach have beon attempted; one is to
apply a smoothing ucpratot to reduze the effect of errors and the other
is to Oeveiop a i-onlinear s5QuLionf 3ocf oi Lhose Lechniques wili be
discussed it. grcater detail in the following sections.

1. Ommirijal AnAIXeis

The loss of material as a fu¢t•ion of tim in a chamber
due to gravitational precipitation under conditinna of continuous stir-
ring can be axpresse6 as

L T xp [-2r f(d) 5d (17)M(O) +
a

where

Y(7) = mass concentration at time'.
M(O) -m muas concentrattot.rat time T -0,

d a particle diameter
f id)", - umM distribution function

GXP L.CdJ : decay function for Stokes' settling
C * a constant

end ad b define a range of expected dimeters. It remains to specify
the form of f(d) and to aAjugt the parameters of the ass&@ d distribution
to fit the experimental data,

Previos studies have assumed that f(d) can be represented
by the log-normal distzibut.on. The work conducted on empirical methods
during the current reporting period consisted of testing several other
distribution functions and comparing these with the solutiona obtained

SJfor the log-normal.

One of the functions tested is the Rayleigh (Ref. 19) ptobebilLty

distribution. This distribution is a special case of the bivariate
normal distribution and is frequently employed in radio comunications
angineartng. Th. distribution is urniu.dal and posit.vel~y skewed; a
ningle parameter characterizes the curve, Thi principal advantage of
thO function to the current application is that its form permits direct
Sintegration of. Equation (17). The single parmter then can be estimated
from the obse-ved data points.
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A second model tested was based on the gaem probztility
distribution function. This is & twc-paramter distribution which is
unimoda! and can assume both syuetric and skew formn depending on the
tralue of the parameters. The exponential function is a special case of
the gan disrribution. Using the g-m distribution in Equation (17)
aces not permi.t direct incegration, necwUUULuL!.L* a LO

muthod for estimating the best fit parameter vklues.

Tests conducted with these models as well as those with
the log-normal distribution indicated tbat approximations to a solution
colid be derived but that these generally satisfied one sel unt of the
observed data better than another, rhi s is a consequence of the cliar- -.

acteristic of the test data which indicates a rapid depletion of large
perticles from the aerosol cloud during the initial period after dis-
semination folloed by a rcsidual decay of the smaller particles, Uni-
modal models for the initial mass distribution including those discussed
above do not possess sufficient flexLbility to satisfy both of these
features simultaneously. As a result, further research with 6mpirical
methods was directed at developing bimodal mass distributions.

The use of bimodal dirtribtitionr for studying coagulating
aerosols has been repcrted earlier by Dalla Valle, Orr end AWCkoe (Re.f
7), The analytic form of this model wv not convenient forthe current
application and a si;-ler function was desired, Ior this p/•*i:r. k-
three-pArameter bimodal model was syntheiLsed from the gum of Wo layle•oi1h
distributions. This sum can be exprissed as

f(d) K 4XP (.'d 2/2 +; (14 "In [4 12 i

2N

where •. and •2 are parameters of the distributions, K and (I-) are thl
fractioasl mix of each, Hence, there "ro three parvatoers to be opocf1ooe
namely 4 , ý2 and K. Substitvting in Equation (17) for f(d) and integrating,
results ini

K L exp [-d2 (w2 C'r + l)/ý2M

C(19)2u 1 -C +- 1

2 2 2
(1-K) exp [-d (2tu CT + 1)/2W2  J

C +1 2.

Assuming that d is sufficiently large so that the value of this function
is negligibly siAll at the upper limit and that d is sufficiently small
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so that the exponential terrs approach Ut~ity 3t the lower limit, the
final result becomes

+ •" (20)

S........This-latt assumption may require values of dI ansd/or d which are some--- what outside the Stokes' Law region, but theeultant erro. will be

S. . . . . oi c t~ted for the -tim b e ing .,

W -W ..-- ... This model ••s tested on the same obseerved mass decay
i . dies previously used to test the unimodal models. Two algorithm were

used to estimate the model parameters in Equation (20). One of these
is the classical Newton-Raphaon method for the solution of nonlinear

A equations (Ref. 12). For the current application, this technique was
constrained to seek values for the model parameters which minimized the
root-mean-square (rma) error between the observed data and the model values.
Similarly, a more recent iteration technique developed by Marquardt (Ref.
13) was used, subject to the same minimization criterion. Both of these

..Meth -•Ws ert pro revAd for automatic calculation by the 11M 1620 computer.
-The -Awil•bility of both... schemie- pito&4di an alternstive when stable

c14 ,-dons4a e difficult to -obtin, -They also piovided a means for v#li-
da4tinr that the tivrn solution repesentaed a global rms minimu end not

-Just-a ot0401,~ija

The bimodal model waseusad, amone other things, to cokamper
ths results of a test series using both Bis and VX fill with a No. 22
-Pl2stLc #pAfre as the disseminator. The results from theae inversion
Analyses for the mess diatitbution in the initial aerosol cloud have bees
"- 9Vported t*paratgly end are st8oarized in Table 6. The date presented
.ive the Aistric utinn par teor1, for the sodel, the mass recovery at 24

- " minutes predicted by the model aid the rms error of model fit to the data.
The bodel parsmeter w, indicates the mode diameter of the small size

"-..... - prtcilos in the initali e"roel cloud while w• gives the mode for the
lr .i . size components. In severl tests these values are given as either
an ar itrarily smaill value (< 10-J) or as an arbitrarily large value
(> 10 ). The latter case is used to indicate that the solutLon was not
capable of discriminating from the decay measuremints a stirred settling
of the larg. site component but rather this material is depleted from the
clou.ad by other loss processes. In the former case, the arbitrarily smell
size diameter indicates that the model solution could not detect any sedi-
mentation in the small size component over the time duration of the test.
The implication is that a very fine aerosol exists in the chamber as a
-.asidial mass.

Latter Report to 1r. DnaUl Buck, 21 Apri. 1967, also included in this
repurt were selected results from tests employing other fills and/or
different dissemination devices.
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A comparison of the performance between these two fill$

shows (1) that the small size component for VX is larger on the average
than that of Bia while (2) the 24-minute recovery for VX is smaller on
the average than that for Big. Both of these effects have been noted in
earlier studies; the current model results simply add further evidence
to tnis effect. These results also show a significant improvement in the
fit to be observed data and it was concluded that tit bimodal model seema
to ppv"odP * cjm,,enjenr And atmple "an@ fnr Jnryuing "e decay dig-
tributions which are not adequately described in unimodal distributions.

S. .. .... 2, ];rrot &nAIYO te

Both the 10 and 10s olutions discussed above probably
Saxise as a conseqence of deficiencies in the data. In the former case,

the scatter in the meaurements may well mask the slow sedimentation of
A relatively small size aerosol cloud. T'his fact is somewhat evident
from the data in Table 6 which shows 10' solutions generally associated
with larger rms errors. In the latter case, the 103 solution reflects
the difficulty of obtaining reliable measurements at very-short times
after the explosive event. The sensitivity of the bimodal model to
these measurement problems was investigated by two sets of error analysis

The first wae an error analysis of the inversion model t*
"t 4's its le•nitivity to -the precision of the mass recovery measurements.
The procedure used a simple progrelsive truncatim of a set of mass re-
_44y Valise from tap e Particle size eUlb~mtiom, The inversion
medl we then applied to ei•ch sat of data and the results compared betveen
the'derived distribution and tho known diatribution. The exact
value for the mode ot pIl•1 i se fractions in ýhie test was 10 zicrons,
the made for the large site fractions was 150 microna and the six b3-
twoon the two-size distributions is in the proportion 35/65 percent#
These results Are pretented below in Table 7, A comparisan of the
knovn values with those in Table 7 shown a fair degree of stability even
for two-digit accuaracy, Also, the results show that the large sixe
fv;EsiOn soeae to be more sensitive to errors in the data thae the other
two paranetors.

TABIE 7

RUSULTS FROM INVERSION ANKLYSIS OF TRUNCATED DATA.

No. Mode ol Small Mode of Large Mixture of
Sixnif.cant Digits Sige Fraction Site Fraction Small gnd Large

1 9.00 129.03 32/68

2 10.35 156.64 36/64

3 10.04 151.69 35/65

4 10.00 150.01 35/65

7 10.00 150.00 35/65
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Sensitivity of the solutions to early nuass recovery
measurements was explored by analyzing approximately i half dozen tests
without the assumption of 100 percent recovery at time zero, but with
the alteriate condition that the mass deciy curve satisfy the first
rmPMiired recoverv value. Generally, this first measured point is obtained
at I minute after detonation. A comparicon of the results for ttuese two
initial conditions shows reasonable correspondence between the solutiors
ior the small size £fration but maJor di.fci:ence3 in specificarinn of the
large particle site distribution. Clearly, most of the large particl• s
fall out or are removed from the cloud within the first minute, with
resulting lost of information an their size distribution.

7ia

3. Autmtc Data Plottina

Toward the latter part of tht year, an additional computer
program was developed to systematize the presentation of the inversion
anplysis results. A sample of the preliminary format is shown in the
attached Figure 13. The graph shows the observed mass recovery values
(crosses) and the computed model mass decay curve (dots), The entire
figure was generated by an off-line IBM 870 Document Writirng System frm
program card instructions calculated by the computer. The system requires
approxitaitly 7 minuIes to plot the graph. Several =d eficatiow to
th•.. initial ftrnAt have been suggested and w•l.l be added,

4,. .rorect Inrsion by Linear Kathod.

Techniques for solution of Equation (17) withoat the aid
of's prior 'soterrion' on th saiy~ticol form of the •moo d~iot:Lbuton*
cme vnder the oeneral category of integral equatiorn of the first kiýd.

A brief bibliography of Pamie of the techniques which have bees Veaented
in the open Litorature is Siven in the references. None of thea are
antirely satiotnetory for analysis of =so decay data and in one form or
another are plagued by mathematical problems.- One of the most coinn of
these diffit.ultios is the instability introduced into the solutions am a
result of noisy data. Numerical experimentation with linear inversion ..
methods on knonm distributions has shown that something of the order qf
eightbplace accuracy is required in the measurements to recover the ini-
tial function. This type of accuracy is rarely available in the mae-
urement of physical systems and certainly not to be expected from YaSa
decay data. I,

Inversion techniques which deal with problems of instability [
have been proposed smong others by Phillips (Ref. 15) and Twomey (lef. 16).
The basic approach is to express the integral equation as quadratures and
apply smoothing constraints to the inversion of the resulting linear system.
In the case of Phillips, the smoothing constraint is on minimizinS the
errors in the second differences of the indicial function. Twomay ex-
pands on this general approach by showing how other minimization criteria
can be introduced. The general solution is given by the matrix equation
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* - 1 *

f = (A*A + ,H) (A*M + -p) (21)

f - solution vector

A - a matrix of quadrature coefficients

A = the transpose of A i

C the smoothing parameter

H - a matrix determined by the minimization criterion~ selected

M - the observed measurements

p - a trial solution if one is available

If p * 0 and H is the matrix appropriate to the second difference minimi-
zation criterion, this solution is equivalent to that given by Phillips
but possesses the advantages that (1) only one matrix inversion is
required and (2) the A matrix is not required to be square. The latte '
of these permits solution of an overdetermined system where the number
of observations exceeds the number of unkno•uns

The utility of this method was tested by means of a set
of synthetic mass decay data. These ma•s decay daita were synthesized by"
assuming a log-normal dittribution for f(d) (mass meao diameter *-?.Su

geometric standard deviation a 2.5) and calculating the mass decay using
Equation (17), rho inversion then was applied to these calculatiou in
an attempt to recover the original loS-normal distribution. The risults
of this experimint are shown in FigUre 14 foc various values of 7. Cat-
parison of the inversion values to the true distribution shove that the
matrix solution corresponding to • * 0.1 has recovered the essential
features of the original distribution but exhibits consistently greater
oroinate values, For 7 a 1.0 the matrix solution begins to lose the
symmetric character cf the original distribution. It should be noted
thet solvction of an appropriate value of 7 is on a trial and error basis
•%d was fcalitated in the current experiment by a Pi knowledge of
f(d). IL', the genural case, selection of a value Tor- =--comel a more
suJective ;process.
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I
5. Noniivýcar Inversion Mcthod

The qu.cstion ot how to treat n,..isy data hat w t reoentlf
becn trraed in j unique, .,proacl. by nonlinear metl ds developed at CCA

.. m q,ar•,n (17 can be excressed as 9 Laplace ",anv-

forn by nakin6 ýhe substir.utions I

u " t and Z -t/t •(22)

in which cc&e we ctain

M(.. exp [-uil Sgju) du (23)

,'here

u= fd' (24)• 2CaI t

In theae trsnesormat-ona., t is .a acAie tise characteristic for the
experiment which can be takin as the time intervAl between Icitallcuive ,
oea•tremenc, We tow ausiua the function S(u) to te composed of a finite
surm of Dirac --,functions of height a. at the positions U ; namely,

n

.. (2).
i J

jol

where

X• - •Xp [-u

j J,

"The problem of deriving particle size distributions from observatons
of masr deiway is analogous in many respecta to the metenrological pvoblen
of inierria$ the vertical atmospheric temperature structure from meas-
urements of the upwelling radiance intensity. The similarity arises frM
che fact thit in each came the physical process can be described by ar
integral equation with en exponential decay function as the kernel. The
meteorological problem has received considerable attention due to the planned
ivailability of radiance measurements from satellite sensor systema.
King (Rof. 16) recently has discussed a nonlinear inversion technique
which addresses itself to the two-fold problem of uniqueness and stability
of tht solution in the presence of noisy data. The abo:e Rection do-
scribes the application of this nonlinear method to the mass decsy problem.
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, tppr,• rnmt• L. orcesponds phys i aIly to thc aS impt Lon tho t tl1c
1it i I Lou-! iS cOMnpobd o1 a !eries ot monodisperse Jicrosols which:
IT ','xod i .tvcn proportions. This system of nonlinear equ-timns
aribes t.ie :onstruction of iaussian quadrature formuic and is dis-

usSCJ ir tcK'3 o'; applied analysis (Ref. 17). The set Can be solved
a: niquely for th, n .'L iihts .'.4 and lie n roots Xi by mean'i if Lhv trony

algoriLhm a-, ~siz-ibcd, for etample, by Chandrasexhar kKci, 1?)

A: S:e evn I v no Ai rive real root& in the 0 < X. < 1 permit
physical interpretation, all other roots must be rejected ind attributed
to arising fr•o noise ir. the dcas, In most applications of this tech-

inque, the weilht assigned to these roots is small and their exclusion
can be done with reasonable safety. The number of roots which are
retained is a qualicative index of the accuracy of the observations,

In a limlited number of cases, this nonlinear technique
was used to analyze the test data. The limitation on tse of this method
arises from the requirement that the measurements must be spaced at equal
time increiments. Relatively few tests ratisfied thit criterion for suf-
ficient segmcent of the experiment to war.aut use of the techniquu.
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"V, •R•A. F)R NEXT QUARTER

The general :on'pos iion of the .issessment system; is now firm and

laboratory programs are to be limited to modest efforts to:

,�a sr. V ant ,-O.nd fwf rion of the beta absorption-
impact•or sampler.

1b) Modifications oi the Koyco ligh:. scaLtieLiu prticlc countco,

for its use in the assessment protram.

(c) Further iqvestigad-ona on problemG of particle charging with

respect to the mass decay of contained aerosols.

Vhe major effcrt is to be one of system construction and application

in the ;oll.wing arais: I
(a) Constrtctitn o: an aitomated bequent.ial filter himpling system

with provisions tor variaole s.impling programming,

(b) Developw'ent of a date forrn-t compatible with computer evaluation

ot the mgob decay curvt obtained fro:o scqucntial filter samples. This

octivity. will be unied at minimizing errors &enersated by human inter-

vention in the various stops reqitred to prepare the raw experimental

data for Li proceasing by the computer.
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system for the assessment of Aerosols dispersed in test chambers. The main activi-
ties reviewed are aerosol mass-decay analysis, chamber mixing and matetrial-balance
studies, electrostatic effects on chamber aerosols and their evaluation, biceffec-

tiveneas of aerosols, sampling and subsequent data reduction methods required for

r esgno a atmaedsqunta fltrsampling sytmi ecie, swell as

tory chambers with pneumatic aerosol injection._
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